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The creation of a global quantum network is within reach combining satellite links and quantum
memory based approaches. Applications will range from secure communication and fundamental
physics experiments to a future quantum internet.
A truly global quantum network would allow the dis-
tribution of quantum states and of quantum entangle-
ment between any two points on the earth’s surface.
Such a network would have many applications. The most
well-known one may be quantum key distribution, which
promises communication whose security is ensured by the
laws of physics. There are also other quantum crypto-
graphic paradigms such as blind quantum computing [1],
which allows a user to perform calculations on a quantum
computer without the computer finding out what calcu-
lation is being performed, and private database queries
[2]. Global entanglement would also allow more accurate
global timekeeping [3], with applications to navigation
and earth sensing, as well as more precise telescopes [4]
and new fundamental tests of quantum non-locality and
quantum gravity [5]. In the long term, the most impor-
tant application may be the creation of a global network
of quantum computers (a “quantum internet”), which
might allow computations that are beyond the reach of
even the most powerful individual future quantum com-
puters.
The long-distance transmission of quantum informa-
tion will almost certainly be done via optical photons
in the visible to near-infrared range, because they suf-
fer relatively low absorption and decoherence and can be
detected fairly easily. However, depending on the dis-
tance, the global quantum network will probably rely on
different approaches. For distances of a few hundred kilo-
meters (maybe up to five hundred), direct optical fiber
links are likely to be the best choice. For distances in
the five hundred to two thousand kilometer range, fiber-
based quantum repeaters (which I will briefly describe
below) may turn out to be the best option. Low-earth
orbit satellite links may be the best approach for dis-
tances of a few thousand kilometers. Finally, the very
longest distances beyond 5000 km or so will likely re-
quire either more distant (e.g. geostationary) satellites,
quantum repeaters with low-earth orbit satellite links, or
low-earth orbit satellites equipped with quantum memo-
ries, or some combination of these approaches. Quantum
memories, which allow one to store and retrieve quantum
information, e.g. in the form of photons in well-defined
quantum states, will also be important in order to con-
nect the ground stations of satellite links, which will likely
have to be in relatively remote locations, to urban end
users with minimal loss. In the following I will comment
on the state of the art and future challenges for these
various approaches.
Regarding ground-based links, for example, quantum
key distribution has been realized over 300 km of fiber
[6], and entanglement has been distributed over a 144 km
free-space link using a major telescope [7]. The best cur-
rently available fibers have a loss of about 0.17 dB/km,
which implies a transmission probability of 10−17 for 1000
km. This explains why classical telecommunication uses
repeaters (i.e. amplifiers), and why directly sending sin-
gle photons over thousands of kilometers of fiber is not
an option. Unfortunately similar amplification is not
possible for quantum signals because of the no-cloning
theorem, so more elaborate techniques such as quantum
repeaters are needed, see below.
In principle the problem could also be solved by devel-
oping fibers with significantly lower loss. However, after
impressive improvements in the second half of the 20th
century, silica fiber technology seems to have reached a
plateau, with only modest improvements over the last
two decades (from 0.2dB/km to 0.17dB/km). Regarding
alternative technologies, for example, heavy-metal fluo-
ride fibers have a lower theoretical limit, but are still two
orders of magnitude more lossy than silica fibers after
decades of work [8]. Free-space links using airplanes or
balloons are limited by the curvature of the earth and
absorption in the atmosphere.
Despite their relative complexity, quantum repeaters
[9] are therefore likely to be an important component
of the global quantum network for the foreseeable fu-
ture. The basic principle of quantum repeaters is to
independently create entanglement for individual links
of manageable distance and store this entanglement in
quantum memories. Then these links can be connected
through entanglement swapping (i.e. quantum teleporta-
tion of entanglement) to create entanglement over longer
distances. The quantum memories are essential because
they ensure that entanglement creation doesn’t need to
be successful simultaneously in all individual links, which
would be forbiddingly difficult because, due to the loss in
the fiber and to other factors, each link only has a certain
success probability for each try. This can be compared
to rolling dice: it is unlikely to roll four sixes, say, at
the same time. The quantum memory is equivalent to
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2getting to “store” each six, while continuing to roll the
remaining dice, until each one has yielded a six.
I focus here on “first-generation” quantum repeaters
[9] in the terminology of Ref. [10], which do not rely
on quantum error correction. Error-correction based ap-
proaches promise higher rates in the long run, but will
require significantly more resources [10]. Similarly, I fo-
cus on qubit-based approaches, which are currently more
developed than continuous-variable schemes.
Regarding physical platforms, one can distinguish
quantum memories that are realized with single quan-
tum systems and those based on ensembles. Important
single-system approaches include single atoms in high-
finesse cavities [11], trapped ions, where the goal of con-
necting quantum processors provides an important mo-
tivation [12], and nitrogen-vacancy centers in diamond
[13]. Ensemble-based approaches include atomic vapors
or cold gases [14], as well as solid-state approaches, in
particular those based on rare-earth ion doped crystals
[15–18], which are attractive because of their potential
for using many distinct frequency channels thanks to the
large ratio of inhomogeneous to homogeneous broadening
in these materials.
The exact requirements for quantum memories to be
useful for quantum repeaters are protocol-dependent, and
there can be significant trade-offs between different met-
rics, e.g. storage time and multi-mode capacity. But
efficiencies around 90%, storage times in the millisecond
range (where a fundamental timescale is set by the com-
munication time for a single link, which is limited by the
speed of light), and significant multi-mode capacity are
all likely to be necessary for practically useful repeaters.
These tentative benchmarks are within reach, but have
yet to be demonstrated simultaneously in a single system.
Experimentally, memories based on cold atomic gases
may currently be the most mature, having demonstrated,
for example, 50% efficiency at 50 ms storage time and ef-
ficiencies up to 76 % for shorter times [14]. Rare-earth
doped crystal based memories have demonstrated 69%
efficiency [15] and six hour spin coherence time [16] (how-
ever, the latter experiment did not include light storage),
as well as the storage of over one thousand temporal
modes [17] and tens of spectral modes [18].
Progressing from quantum memory demonstrations to
more complex quantum repeater type experiments, tele-
portation between atomic gas memories separated by 150
m of fiber has been demonstrated [19], as well as tele-
portation of a photon onto a solid-state memory over
25 km of fiber in a laboratory environment [20]. A
recent loophole-free test of quantum non-locality using
nitrogen-vacancy centers [13] can also be seen as the
demonstration of a single quantum repeater link over a
distance of 1.3 kilometers. Also important in this con-
text, even if they don’t involve quantum memories, are
two recent experiments that demonstrated the feasibility
of quantum teleportation with independent entanglement
sources over urban fiber networks [21, 22].
The next important challenges for ground-based quan-
tum repeaters include the demonstration of an individual
repeater link over a significant distance (e.g. 100 km),
the connection of two or more repeater links via entan-
glement swapping, and the demonstration of a quantum
repeater architecture that achieves a higher entanglement
distribution rate than direct transmission. A critical
technology for many of these steps will be improved pho-
tonics engineering, e.g. integration to minimize coupling
losses, which are often a major limiting factor in cur-
rent experiments. A different challenge with great po-
tential practical benefits is the development of quantum
repeaters that can operate at room temperature. For
example, nitrogen-vacancy related nuclear spins exhibit
a coherence time of 1 second even at room temperature
[23].
Despite these many impressive results, distances be-
yond 2000 km or so are likely out of reach for purely
ground-based quantum networks for the medium term,
since they would require many complex quantum re-
peater nodes. The development of quantum communi-
cation satellites offers an attractive solution. China has
taken the lead with the recent launch of the Micius satel-
lite, which has allowed the demonstration of direct entan-
glement distribution over 1200 km [24], as well as quan-
tum teleportation to the satellite [25] and quantum key
distribution over the satellite link [26].
Satellite links do have significant limitations, includ-
ing intermittency due to orbits and weather and rela-
tively low rates (although the latter could potentially be
boosted by frequency multiplexing). As a consequence,
every photon transmitted from a satellite is likely to be
very valuable. Moreover the ground stations for satellite
links will likely have to be located at least tens of kilome-
ters from major population centers to avoid light and air
pollution and turbulence, resulting in further significant
photon loss in the final terrestrial links from the ground
station to the end user.
Fortunately, the quantum repeater principle provides
a potential solution for this problem. One can create and
store entanglement for the final terrestrial links between
ground station 1 and city 1 and between ground station
2 and city 2 respectively. When the satellite succeeds in
creating entanglement between ground stations 1 and 2,
entanglement between city 1 and city 2 can be created via
entanglement swapping at the two ground stations. This
creates effectively loss-free links between the ground sta-
tions and the cities and ensures that none of the precious
photons from the satellite are wasted.
In order for this approach to work, one has to know
when entanglement between the ground stations has
been established. This can be achieved either by non-
destructive photon detection [27], if the source of entan-
glement is on the satellite and the photons are sent down
following a “downlink” approach as in Ref. [24], or by
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Figure 1. Quantum repeater architecture with satellite links
from Ref. [28]. Each individual link(of length L0) consists of
an entangled photon pair source on a low-earth orbit satellite
(at height h) and two ground stations consisting of quan-
tum non-demolition (QND) measurement devices and quan-
tum memories (QM). The arrival of a photon at each ground
station is heralded by the QND devices, which detect the pres-
ence of a photon non-destructively and without revealing its
quantum state. The entanglement is then stored in the memo-
ries until information about successful entanglement creation
in a neighboring link is received. Then the entanglement can
be extended by entanglement swapping based on a Bell state
measurement (BSM). A small number of such links are suffi-
cient for spanning global distances.
teleportation of entanglement via the satellite, extend-
ing the “uplink” approach of Ref. [25]. In either sce-
nario the requirements on the quantum memories in the
terrestrial links are more modest than for long-distance
ground-based quantum repeaters, because the “heavy lift-
ing” in terms of distance is done by the satellite link.
The creation of loss-free links between satellite ground
stations and cities is one example for how satellites and
quantum memories can complement each other, but there
are many others. Applying the quantum repeater princi-
ple to multiple satellite links may be the most practical
approach for creating entanglement over truly global dis-
tances [28], see Figure 1. This is well aligned with the
current trend in the space industry towards relatively
cheap low-earth orbit satellites. Quantum microsatel-
lites are already being developed [29]. Very long-term
memories [16] could mitigate the intermittency problem
of satellite links because they would allow one to stock
up on entanglement while the satellite link is available.
A satellite carrying an entangled photon pair source and
a long-term quantum memory would also offer an alter-
native approach to global quantum communication, be-
cause it could send one photon down over one location,
store the other one in the memory and send it down to a
different location later on.
Based on the above discussion, future important mile-
stones involving satellite quantum links include connect-
ing a satellite link and a ground link, connecting two
or more satellite links by entanglement swapping, and
generally experiments that combine satellite links and
quantum memories, either on the ground or on the satel-
lite. Realizing the vision of a quantum internet will also
require interfacing promising quantum computing plat-
forms with photons, e.g. by developing microwave-to-
optical transducers for superconducting quantum pro-
cessors [30]. There are also important quantum com-
puter science questions, including how best to harness
the power of distributed quantum computing.
The development of quantum network technology
is currently seen as a priority area in most leading
economies, notably in China, where, in addition to
the mentioned quantum satellite, there is also work on
a chain of individual quantum key distribution links
stretching over 2000 km from Beijing to Shanghai. Quan-
tum communication is a key area in the EU flagship ini-
tiative on quantum technology. I am also aware of major
initiatives in the US, the UK, the Netherlands, Japan,
Singapore, as well as in Canada, which has recently com-
mitted to building its own quantum communication satel-
lite. Industrial players are also beginning to join the fray.
In my personal opinion we have reached the point where
the question is no longer whether we are going to have a
global quantum network, but only when and how exactly
we will get there. But there is still a lot of interesting
work to be done, and a large part of this work will be in
the domain of photonics.
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